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A mostly single bee phase with nanoscale grain sizes of 10 to 20 nm was found to form by 
annealing amorphous Fe-Zr-B, Fe-Hf-B, and Fe-M-B-Cu (M = Ti, Zr, Hf, Nb, and 
Ta) alloys for 3.6 ks in the range of 723 to 923 K. The high permeability (,u,) above 10 000 
at 1 kHz combined with high saturation magnetization (I?,) above 1.5 T was obtained 
for the bee alloys; The highest pCle and B, values reach 14 000 and 1.7 T for FeglZr,Bz, 20 000 
and 1.55 T. for FeR7Zr7B&!u1, and 48 000 and 1.52 T for Fes6Zr7B6Cu1. 
Magnetostriction (A,) decreases significantly by the phase transition from amorphous to bee 
phase and is measured to be 1 X 10 - 6 for the bee Fes6Zr7B6Cu1 alloy. The small ;1, 
as well as the small grain size is concluded to be the reason for the good soft magnetic 
properties. The lattice parameter of this bee phase is 0.2870 nm being larger than 
that of pure a-Fe. The small & seems to be achieved by the dissolution of solute elements 
above an equilibrium ,solubility limit. The bee Fes6Zr7B6C!u1 alloy also shows the low 
core loss of 0.066 W/kg at 1 T and 50 Hz, which is considerably smaller than that of 
amorphous Fe7sSi9Bt3 and bee Fe-3.5mass%Si alloys in practical uses as core 
materials in transformer. 
I. INTRODUCTION 
The development of a soft magnetic material with high 
saturation magnetization (B,) has been demanded to im- 
prove the characteristics for electromagnetic devices. Al- 
though the high B, can be obtained for Fe-based amor- 
phous magnetic alloys, their soft magnetic properties are 
usually inferior to other soft magnetic materials such as 
Co-based amorphous alloys. ’ Consequently, the improve- 
ment of soft magnetic properties of Fe-based alloys has 
been actively tried. 
It has been reported that the bee structure with a nano- 
scale grain size of about 10 nm forms2 by crystallization of 
amorphous Fe-Si-B alloys containing 3%Nb and l%Cu 
and exhibits good soft magnetic properties combined with 
a B, of about 1.3 T. The simultaneous addition of Nb and 
Cu elements is essential to obtain the bee single phase ex- 
hibiting the good soft magnetic properties for the melt- 
spun alloy. Similarly, good soft magnetic properties have 
been obtained3 for Fe-M-C (M = Zr, Hf, Nb, and Ta) thin 
films consisting of nanocrystalline a-Fe and MC carbides 
produced by crystallization of their vapor-deposited amor- 
phous alloys. The soft magnetic properties of these nanoc- 
rystalline alloys have been understood4,5 to result from the 
decrease of apparent anisotropy caused by the refinement 
of gram size. These results suggest that the use of an amor- 
phous phase as a precursor to obtain nanocrystalline 
phases is useful to achieve good soft magnetic properties. 
More recently, we have carried out a systematic study 
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on the development of new soft magnetic materials in 
Fe-Zr-B6 and Fe-Hf-B7 systems where the amorphous 
phase forms even at a high Fe concentration of 90 at. % by 
melt spinning. A mostly single bee phase with nanoscale 
grain size has been prepareds?’ by annealing the amorphous 
Fe-Zr-B, Fe-Hf-B, and Fe-Zr-B-M (M = transition metal) 
alloys. The same nanocrystalline bee phase is expected to 
be obtained by annealing the Zr-free amorphous Fe-M-B- 
Cu (M = Ti, Hf, Nb, and Ta) alloys. The aim of this paper 
is to present the changes in the microstructures and mag- 
netic properties of amorphous Fe-Zr-B, Fe-Zr-B-Cu, and 
Fe-M-B-Cu (M = Ti, Hf, Nb, and Ta) alloys by annealing 
and to investigate the dominant factors of soft magnetic 
properties in the annealing-induced nanocrystalline bee Fe- 
Zr-B base alloys. 
II. EXPERIMENTAL PROCEDURE 
Alloy ingots were produced by arc melting mixtures of 
a prealloyed Fe-B (892mass%B) alloy and pure metals in 
an argon atmosphere. Rapidly solidified ribbons with a 
cross section of about 0.02~ 1 or 0.02~ 12.5 mm’ were 
produced in an argon atmosphere by a single-roller melt 
spinning method. The as-quenched samples were subjected 
to heating for 3.6 ks at various temperatures in an evacu- 
ated state. The identification method of as-quenched and 
annealed structures is described in Ref. 9. In addition, 
commercial nonoriented bee Fe-3.5mass%Si, Fe- 
6.5mass%Si, and Fe7sSi9Bt3 amorphous alloy (MET- 
GLAS 260532) were used for comparison. 
Magnetization under an applied field of 800 kA/m 
(B,,) was measured with a vibrating-sample magnetome- 
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FIG. 1. DTA curve of an  amorphous Fe&r,B2 alloy. 
ter (VSM). Coercive force (H,) and effective permeability 
(p,) in the frequency range of 1 to lo3 kHz under 0.8 A/m 
were evaluated with a dc B-H loop tracer and a vector 
impedance analyzer. The core loss was measured with a U 
function meter using the ring-shaped sample. Magneto- 
striction was measured in an applied field up to 8 kA/m by 
an optical cantilever method or up to 800 kA/m by using 
a strain gauge. 
III. RESULTS AND DISCUSSION 
A. Microstructure of crystallized alloys 
Crystallization behavior of an Fes1Zr7Bz amorphous 
alloy was examined by DTA. As shown in Fig. 1, the alloy 
crystallizes through two exothermic peaks. The first and 
second exothermic peaks with each peak temperature of 
785 and 1024 K were confirmed to result from the struc- 
tural changes from amorphous to bee phases and from bee 
to cr-Fe + Fe&r + Fe3Zr phases, respectively. No appre- 
ciable reflection peaks of Fe2B and Fe,B are observed in 
the entire temperature range and there is no appreciable 
solubility of B into a-Fe in an equilibrium state. Thus, the 
small amount of B appears to have been dissolved into the 
FezZr and Fe3Zr phases. It should be noted that the mostly 
single bee phase exists in the wide temperature interval of 
200 K between the first and second exothermic peaks. 
The temperature range leading to the mostly single bee 
phase by isochronal annealing for 3.6 ks was examined for 
an Fe+1Zr7Bz amorphous alloy. The transition of amor- 
phous to bee phases begins to occur at an annealing tem- 
perature (T,) of 673 K and is almost completed at 723 K. 
The resultant bee phase remains unchanged up to 923 K 
and the further increase of T, results in a mixed structure 
of ar-Fe and Fe, (Zr,B) . 
The lattice parameter (aa) of the bee phase at T, 
= 723 K is 0.2876 nm which is slightly larger than that 
(0.286 64 nm) for pure a-Fe, indicating that the bee phase 
contains the solute elements. The a0 value in nonequilib- 
rium bee Fe-Zr binary alloys produced by vapor deposition 
has been examined” as a function of Zr content. The pre- 
vious data indicate that the a, value at 7-at. %  Zr is about 
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FIG. 2. A bright-field electron micrograph and  the selected area diffrac- 
tion pattern of an  amorphous Fe+r7B2 alloy annealed for 3.6 ks at 923  
K. 
0.2884 nm which is larger than that of the bee Fe9rZr7Bz 
alloy. Furthermore, it has been shown” that the dissolu- 
tion of B into the bee phase results in a decrease of the 
a0 value for Fe-B-M (M = V, Nb, Ta, Cr, MO, W , Mn, Co, 
Ni, or Cu) alloys and the decrease of the ~6~ value per 
l-at. %  B is approximated to be 2 to 3 X 10m4 nm. Ac- 
cordingly, the smaller a0 value of the present bee 
FeglZr-IBa alloy seems to originate from the reduction of 
the a0 value by the dissolution of B. 
The grain size of the bee phase was determined from 
the half-width value of the ( 1 lo),,, reflection peak by us- 
ing Sherrer’s equation. The value is as small as 15 to 18 nm 
in the T, range of 723 to 923 K and increases rapidly in the 
higher T, range. In order to confirm the small grain size, 
TEM observation was made for the bee FeglZr,Bz alloy 
annealed for 3.6 ks at 923 K. As exemplified in Fig. 2, the 
alloy consists of a bee structure with a nanoscale grain size 
of 17 nm, being consistent with the result derived from the 
x-ray diffractometry. It is thus concluded that the mostly 
single bee phase with a small grain size < 20 nm is formed 
in a wide T, range of 723 to 923 K in the simple Fe-Zr-B 
ternary system. 
B. Magnetic properties of crystallized alloys 
Figure 3 shows the changes in Bsoo and ,u, at 1 kHz 
with T, for the amorphous FeglZr,B, alloy, along with the 
microstructural data obtained by x-ray diffraction and 
TEM techniques. Although the BsoO is as small as 0.2 T  in 
the amorphous state, it increases rapidly to 1.2 T  in the 
narrow T, range of 673 to 723 K by the phase transition of 
amorphous to bee phases. Judging from the composition 
dependence of T, in amorphous Fe-Zr-B alloys,6 the T, 
value of the FeslZr,Bz amorphous alloy seems- to lie 
around room temperature because of the Invar effect. Ac- 
cordingly, the rapid increase of Bsoo is presumably due to 
the structural change of the amorphous phase with a low 
T, value to the bee phase with a much higher T, value. The 
BBoO value agrees with the saturation magnetic flux density 
measured with a dc B-H loop tracer for the bee 
FeglZr,Bz alloy. 
The ,ue value begins to increase at 723 K because of the 
onset of precipitation of the bee phase, followed by a rapid 
increase in pCLe at 773 K resulting from a structural change 
from amorphous to bee phase. The highest pu, value is 
Suzuki et a/. 6233 
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FIG. 3. Changes in BBoo and yc at 1 kHz as a function of the annealing 
temperature CT,) for 3.6 ks for an amorphous Feg,Zr,B2 alloy. 
14 000 at T, = 923 K and the further increase of T, to 973 
K gives rise to a drastic decrease of ,uu, to 190. Since non- 
equilibrium bee Fe-Zr sputtered films have previously been 
reported” to have a small magnetostriction, the good soft 
magnetic properties of bee Fe-Zr-B alloy are presumably 
due to the small magnetostriction caused by the dissolution 
of Zr and B in the bee phase as well as the reduced appar- 
ent anisotropy resulting from the small grain size. Further- 
more, the rapid decrease in ,u, at 973 K is explained by the 
formation of the mixed structure consisting of an cr-Fe and 
Fq (Zr,B) compound which has larger magnetocrystalline 
anisotropy, as well as the coarsening of the bee grain lead- 
ing to the increase in the reduced apparent anisotropy re- 
sulting from the grain refinement effect. In addition, the 
nanocrystalline bee phase exhibiting ,uu, = 15 000 and BsoO 
= 1.65 T was obtained for an amorphous FeglHfYBz alloy 
annealed at 873 K for 3.6 ks. 
C. Compositional effect on the microstructure and 
magnetic properties in the bee Fe-Zr-B alloys 
Figure 4 shows the compositional dependence of Bsoo 
and pCle at 1 kHz for Fe-Zr-B alloys subjected to annealing 
for 3.6 ks at 873 K, along with the phase field in the 
melt-spun state. As is evident from the contour lines of 
pe value, high pu, values above 10 000 are obtained in the 
range of 5% to 7%Zr and 2% to 6%B in which the rapidly 
solidified phase consists of either an amorphous single 
phase or coexistent amorphous and bee phases. It is thus 
said that the formation of an amorphous single phase is not 
always necessary for the achievement of good soft mag- 
netic properties. The compositional dependence of an- 
nealed structure for the Fe-Zr-B amorphous alloys was 
20 
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FIG. 4. Compositional dependence of Bsm and pe at 1 kHz for rapidly 
solidified Fe-Zr-B ternary alloys annealed for 3.6 ks at 873 K. 
examined by x-ray diffractometry. The mostly single bee 
phase was confirmed to form in the range of 5% to 7%Zr 
and 1% to 8%B. The composition range in which high 
pe values above 10 000 are obtained agrees with that for 
formation of the mostly single bee phase. However, the 
,u~ value obviously decreases even in the compositional 
range where the mostly single bee phase was obtained. For 
instance, the ,u@ value for the bee Peg3 -,Zr7B, alloys 
changes from 15 000 at 4%B to 3000 at 6%B. The TEM 
observation indicates that the inhomogeneity in the distri- 
bution of grain size of the bee phase increases with increas- 
ing B content from 4% to 6%. Therefore, the significant 
decrease in ,oe for the bee Fe-Zr-B alloys seems to correlate 
with the increase of the microstructural inhomogeneity of 
the bee phase. This result suggests the possibility that the 
soft magnetic properties of the B-rich alloys are improved 
through an increase of microstructural homogeneity in the 
bee phase. The formation of the bee phase with a high 
degree of microstructural homogeneity was attempted for 
Fe-Zr-B-Cu alloys. This attempt is based on the previous 
result” that the addition of Cu, Ag, and Au elements 
which are immiscible to the Fe element brings about a 
homogeneous precipitation of bee phase with nanoscale 
grain size embedded in an amorphous matrix in the Fe-P-C 
and Fe-Si-B alloys. 
D. Improvement of soft magnetic properties by the 
addition of Cu 
In order to clarify the effect of an additional Cu ele- 
ment on the crystallized structure of Fe-Zr-B amorphous 
alloys, TEM observation was made for amorphous 
Fei7Zr7B6 and Fea6Zr7B6Cu1 alloys annealed for 3.6 ks at 
873 K. As shown in Figs. 5(a) and 5 (b), the distribution 
of grain size of the bee phase in the Fe-Zr-B-Cu alloy is 
more homogeneous and the grain size is much smaller, as 
compared with that in the Fe-Zr-B alloy with the same B 
content. Along with the increase of microstructural homo- 
geneity, the ,uu, at 1 kHz for the bee Fes7Zr7B6 alloy in- 
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FIG. 5. Bright- and dark-field electron micrographs of (a) Fe,,Zr,Bb and 
(b) FessZr,B&u, alloys annealed for 3.6 ks at 873 K. The dark-field 
micrographs were taken from the (110) reflection rings of the bee phase. 
creases from 3000 to 18 000 by the addition of l-at. %  Cu. 
Furthermore, the addition of a Cu element to the Fe-Zr-B 
alloy was found to be effective for the extension of the 
temperature range for formation of the bee phase as well as 
the refinement of the grain size. 
The extension of the temperature range for formation 
of the bee phase also implies that the composition range for 
formation of bee Fe-Zr-B alloys is extended by the addition 
of Cu and the high pu, is obtained in a wide composition 
range. Figure 6 shows the compositional dependence of 
Bsoo and pe at 1 kHz for amorphous Fess _ x -,ZrxB,Cui 
alloys annealed for 3.6 ks at 873 K. Judging from the result 
that the high p, values above 10 000 are obtained in the 
range of 5%.to 7%Zr and 2% to 6%B for Fe-Zr-B ternary 
alloys, the addition of l-at. %  Cu is concluded to cause a 
remarkable extension of the composition range in which 
the high ,LL~ values above 10 000 are obtained. It has been 
confirmed for the Fe-Zr-B-l%Cu alloys that the mostly 
single bee phase forms in the range of 5% to 8%Zr and 
1% to 16%B which is wider than that for Fe-Zr-B ternary 
alloys in the same annealing condition. The remarkable 
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FIG. 7. Changes in Bs, /J= at 1 kHz; grain size, and 1, as a function of 
r, for 3.6 ks for an amorphous FeseZr,B&ul alloy. 
value is obtained seems to originate from the extension of 
the composition range of the mostly single bee phase. 
In order to clarify the dominant factor for the good 
soft magnetic properties of the bee Fe-Zr-B-Cu alloys, the 
changes in Bsc,,, pe at 1 kHz, saturation magnetostriction 
(a,), and grain size as a function of T, for 3.6 ks were 
examined for the Fes6Zr7B6Cul alloy. The alloy was chosen 
because it has large glass-forming capacity and exhibits 
good soft magnetic properties typical for the nanocrystal- 
line bee phase in Fe-Zr-B, Fe-Hf-B, and Fe-Zr-B-Cu sys- 
tems. Figure 7 shows the changes in Bsec, y, at 1 kHz, the 
mean grain size of bee phase, and AS with T, in the anneal- 
ing time for 3.6 ks for the amorphous Fes6Zr7B6Cu1 alloy, 
along with the microstructural data obtained by x-ray dif- 
fraction and TEM techniques. The pe value was measured 
for the ring-shaped sample prepared from the wide ribbon 
with a cross section of about 0.02~ 12.5 mm2. The mean 
grain size of the bee phase was determined from both the 
half-width of the ( 1 10)bc. reflection peak and the dark-field 
electron micrograph taken from the ( 110),,, reflection 
ring. 
The pu, value increases by the precipitation of the bee 
phase, shows a maximum value of 48 000 at 873 K, and 
then decreases rapidly in the T, range above 950 K by the 
transition of bee to the a-Fe + FesZr -t- X phase (an uni- 
dentified metastable phase with the cubic-type structure) 
as well as the grain coarsening. In comparison with the 
above-described data on pe for the sample with a cross 
section of 0.02~ 1 mm2, the magnitude of pe at T, 
= 873 K obtained for the ring-shaped sample is much 
larger than that (18 000 at 873 K) for the narrow ribbon 
6235 J. Appl. Phys., Vol. 70, No. IO, 15 November 1991 Suzuki et al. 6235 
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FIG. 8. Change in the lattice parameter (~0) as a function of TO for 3.6 
ks for an amorphous Fes6Zr,B6Cu, alloy. 
sample. In addition, the H, value of the ring-shaped sample 
was 3.2 A/m, being smaller than that (4.5 A/m) for the 
narrow sample. It is well known that the H, value of an 
amorphous ribbon decreases significantly by the improve- 
ment of surface smoothness. The significant increase in 
,+ also seems to be related to the improvement of smooth- 
ness of the sample surface through optimization of the melt 
spinning condition of producing the wide ribbon sample. 
Although the /2, value is as large as 16.6 x 10 - 6 in the 
as-quenched amorphous state, it decreases slightly at 723 
K by the beginning of precipitation of the bee phase and 
then rapidly to < 1 X 10 - 6 at 773 K with a progress of 
the phase transition from amorphous to bee. It is said that 
the significant decrease in & associated with crystallization 
of the amorphous phase is one of the reasons for the in- 
crease of ,u, at T, above 773 K. In addition, the highest 
,u~ value is obtained at T, = 873 K where the /2, value ap- 
proaches zero. Furthermore, the gradual decrease of ,ue in 
the T, range of 873 to 923 K corresponds to the shift in 
/2, from nearly zero value to - 2.0 x 10 - 6. Since the 
grain size of the bee phase which seems to be related with 
an apparent anisotropy remains almost unchanged in the 
T, range of 773 to 923 K, the pe value in the T, range is 
mainly dominated by magnetostriction. It is notable that 
the magnetostriction can be controlled by adjusting the 
annealing condition and the maximum pcl, value is obtained 
at the smallest magnitude of &. This feature is an advan- 
tage point in practical use of these nanocrystalline bee al- 
,loys as magnetic devices which are produced through 
molding processes. 
Figure 8 shows the change in the lattice parameter 
(ac) as a function of T, for the bee Fes,Zr7B&ul alloy. 
The a0 value is measured to be 0.2871 nm at 773 K. This 
value is slightly larger than that for pure a-Fe, indicating 
that the bee phase contains the solute elements. The a0 
value for the bee Fes7Zr7B6 alloy annealed at 823 K is 
0.2870 nm, being just the same as that for the bee 
Fes6Zr7B6Cu1 alloy obtained by annealing at the same 
Tc Consequently, the slightly larger a0 value appears to be 
due to the dissolution of Zr or B. The a,, value tends to 
decrease with increasing T, and reaches the same value as 
that of pure a-Fe in the coexistent state with FqZr, 
Fe,Zr, and ZrBz. Therefore, the variation in the a0 value 
seems to reflect the change in the dissolution amount of Zr 
and B in the bee phase. 
Judging from the previous data” on the magnetostrio 
tion of nonequilibrium bee Fe-M (M = Ti, Zr, Hf, and Ta) 
sputtered films, there is a tendency for these M  elements to 
cause the increase in the magnetostriction of a-Fe. In ad- 
dition, it has been reported13 that the magnetostriction of 
the crystalline Fe-Ti-B sputtered film increases with in- 
creasing B content. Accordingly, the Zr and B elements 
dissolved in the bee phase cause the increase of the /2, value 
from that ( - 4.4 X 10 - 6, for the polycrystalline cr-Fe 
phase calculated from the data15 on a single o-Fe crystal. 
On the contrary, the decrease of /2, in the T, range above 
773 K originates from the decrease of the solute contents 
which is evidenced from the decrease of the a0 value. It is 
thus concluded that the nearly zero magnetostriction for 
the bee Fe-Zr-B-Cu alloy is due to the formation of the 
nonequilibrium bee phase. 
E. Magnetic properties of Fe-M-B-Cu (M = transition 
metal) alloys 
In the Fe-Zr-B-l%Cu quaternary alloys, good soft 
magnetic properties were obtained in the higher B concen- 
tration range with larger glass-forming ability. Further- 
more, there is a high possibility for the high B content 
alloys that an amorphous phase is formed even in the re- 
placement of Zr by other transition elements leading to the 
decrease of the glass-forming ability. Judging from the 
composition dependence of ,u, in amorphous Fe-Zr-B- 
l%Cu alloys annealed for 3.6 ks at 873 K, the high ,u~ 
values above 10 000 are obtained at 7-at. %Zr. Therefore, 
we focused on rapidly solidified FegL- ,M7BXCu1 (M 
= transition metal) alloys with a constant M  concentra- 
tion of 7 at. %. It has been shown7 that in (Fe,Co,Ni)-M- 
B (M = IV a, V a, and VI a group transition metals) 
alloys the addition of the M  metals for the formation of an 
amorphous phase is the most effective for Ti, Zr, and Hf 
and decreases in the order of Nb E Ta > MO NW > V c Cr. 
Thus, the amorphous Fes2 _ ,M,B,Cur alloys containing 
Ti, Zr, Hf, Nb, or Ta form in a rather high Fe concentra- 
tion range and high B, values are expected to be obtained 
for their crystallization-induced bee phase alloys. 
An amorphous single phase was obtained for 
Fe~~~G4&U~, WdWbCu~, b,&bB~CU~, and 
Fes2Ta,BloCul which contain the largest amount of Fe in 
TABLE I. Magnetic properties (B, pn and H,) and onset temperatures 
of the first and second exothermic peaks (TX, and TX2) of Fe-M-B-Cu 
(M =Ti, Hf, Nb, or Ta) alloys. 
Alloy 
(2; (2) I*~ at ffc 
IkHz (Am-‘) 
Fes2Ti,B&u, 707 997 723 1.39 20 000 3.5 
FeqOHf,BzCu, 770 1022 873 1.60 18 000 3.0 
Fe&b,BsCu, 705 1045 823 1.48 16 ooo 8.9 
%~T@Io% 736 1022 923 1.46 11000 8.9 
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TABLE II. Magnetic propert ies (B, pa  and  H,), structure, and  sample 
thickness (t) of Fe-Zr-B and  Fe-Zr-B-Cu alloys and  other soft magnetic 
alloys. 
II, at HC 
Alloy Structure t (pm) B, (T) 1  kHz (Am-‘) 
FeS&Bz bee  18  1.70 14000 7.2 
F e d W %  bee 18  1.65 15000 4.1 
Fes7Zr7BsCu1 bee  17  1.55 20000 3.5 
Fes6Zr,B6Cu,* bee  20  1.52 48  000  3.2 
Fe-6.5 mass%Si bee  300  1.80 2400 9.6 
Fe-Si-Bb Amo. 20  1.41 6  000’ 6.9 
Co-Fe-Si-Bb Amo. 18  0.53 80  000’ 0.32 
Fed idWWu~b bee  18  1.24 100000” 0.53 
Fes$isB1,NbsCulb bee  18  1.55 9  O O @  12.8 
FIG. 9. Relation between (a) core loss at 50  Hz and  B, and  (b) core loss 
at 0.2 T and  f for a  bee  Fes6Zr7B6CuI alloy. The data of amorphous 
FersSisB,s and  bee  Fe-3.5 mass%Si alloys are also shown for comparison. 
the Fe-7%M-B-l%Cu (M = Ti, Hf, Nb, and Ta) systems. 
It was confirmed by DSC measurement and x-ray diffract- 
ometry that all the amorphous alloys crystallized through 
two exothermic peaks corresponding to the structural 
changes of amorphous to bee and bee to a-Fe and other 
crystalline phases. In addition, the mostly single bee phase 
with a grain size of about 10 nm was obtained for 
F~2Ti,Bdh, J%$WWu~,  ~edWV%, and 
Fe,,Ta,B,&ui amorphous alloys annealed for 3.6 ks at 
T, above the first exothermic peak in each DSC curve. 
Table I summarizes the magnetic properties of & pe at 1 
kHz, and H, for the nanocrystalline bee alloys, along with 
T, and onset temperatures of the first and second exother- 
mic peaks ( TX1 and T,,). 
F. Core loss of the nanocrystalline bee Fe&,B,Cu, 
alloy 
The flux density and frequency dependence of the core 
loss were examined for the nanocrystalline bee 
Fes6Zr,B&ui alloy, in comparison with the data of com- 
mercial amorphous Fe7sSi9Br3 and bee Fe-3Smass%Si 
(subjected to an,optimum annealing treatment at 993 K) 
alloys. The optimum T, in the isochronal annealing for 3.6 
ks to obtain the lowest core loss at 1 T  and 50 Hz for the 
Fe-Zr-B-Cu and Fe-S&B alloys was confirmed to be 873 
and 623 K, respectively. 
The core loss values at 50 Hz are plotted as a function 
of maximum flux density (B,) in Fig. 9(a). Although the 
core losses of the three alloys increase with an increase of 
B, from 0.2 to 1.3 T, the core loss of the bee Fe-Zr-B-Cu 
alloy is superior to those of the amorphous Fe7sSi9Bi3 and 
bee Fe-3Smass%Si alloys in the entire B, range. The fre- 
quency dependence of core loss at B, = 0.2 T  was also 
examined. The core loss values are plotted as a function of 
frequency ( f ) in Fig. 9 (b) . It is seen that the core loss for 
‘Ring-shaped sample (i.d. 6  mm x o.d. 10  mm). 
bReference 15. 
‘H,,,=0.4Am-‘. 
the bee Fes6Zr7B6Cu1 alloy is the lowest in the entire f 
range. It is thus confirmed that the core loss of the bee 
Fe-Zr-B-Cu alloy is considerably smaller than those for the 
amorphous Fe-Si-B and bee Fe-Si alloys in a practical use 
as various transformers for electrical power supply. 
In addition, typical magnetic properties for the Fe-Zr- 
B base alloys subjected to optimum annealing treatments 
are summarized in Table II. The data of some typical soft 
magnetic materials and nanocrystalline bee Fe-Si-B-Nb-Cu 
alloys2’ are also shown for comparison. The B, values of 
the bee Fe-Zr-B and Fe-Zr-B-Cu alloys are considerably 
higher than those of bee Fe-Si-B-Nb-Cu and amorphous 
Co-based alloys and the pu, is also much higher than those 
of the Fe-Si and amorphous Fe-based alloys. Therefore, the 
nanocrystalline bee Fe-Zr-B, Fe-Hf-B, and FsZr-B-Cu al- 
loys can be classified into a new soft magnetic material. 
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